Introduction
Tregs hold tremendous promise as an adoptive cell therapy to prevent or treat undesired immune responses in transplantation or autoimmunity (reviewed in ref. 1) . Currently, most clinical trials of Treg therapy administer polyclonal Tregs with unknown antigen (Ag) specificity, meaning that large numbers of cells carrying a risk of off-target immunosuppression are required to achieve a therapeutic effect. Consequently, methods to isolate, expand, and/or engineer Ag-specific Tregs is an area of intense interest (2) .
An established method of enriching Ag-specific Tregs is through repetitive stimulation in vitro. The feasibility of this approach has been successfully demonstrated in the context of transplantation (3), leading to several ongoing clinical trials to test the safety and efficacy of donor allogeneic Ag-expanded (alloAg-expanded) Tregs in kidney or liver transplantation (1) . However, this approach requires complex cell culture and is only feasible because up to ~10% of Tregs are naturally alloAg-specific (4). We and others have recently shown that an alternate way to generate Ag-specific Tregs is to engineer their specificity using chimeric Ag receptor (CAR) technology. Mouse Tregs engineered to express model-relevant CARs can suppress colitis (5, 6) and experimental autoimmune encephalomyelitis (7) . Human factor VIII-specific CAR Tregs suppress hemophilia in a humanized mouse model (8) , and alloAg-specific human CAR Tregs suppress xenogeneic graft-versus-host disease (GvHD) and skin rejection in xenogeneic mouse models (9) (10) (11) .
CARs classically contain a single chain of antibody variable domains (scFv) derived from heavy and light chains of well-characterized, high-affinity mAbs, which face the extracellular space (12) . CARs derived from mouse scFvs can be highly effective (13-16) but carry the risk of immunogenicity, with sensitization possibly limiting therapeutic efficacy and repeat dosing (17) (18) (19) (20) (21) (22) (23) . Therapeutic mAb studies have Chimeric antigen receptor (CAR) technology can be used to engineer the antigen specificity of regulatory T cells (Tregs) and improve their potency as an adoptive cell therapy in multiple disease models. As synthetic receptors, CARs carry the risk of immunogenicity, particularly when derived from nonhuman antibodies. Using an HLA-A*02:01-specific CAR (A2-CAR) encoding a single-chain variable fragment (Fv) derived from a mouse antibody, we developed a panel of 20 humanized A2-CARs (hA2-CARs). Systematic testing demonstrated variations in expression, and ability to bind HLA-A*02:01 and stimulate human Treg suppression in vitro. In addition, we developed a new method to comprehensively map the alloantigen specificity of CARs, revealing that humanization reduced HLA-A cross-reactivity. In vivo bioluminescence imaging showed rapid trafficking and persistence of hA2-CAR Tregs in A2-expressing allografts, with eventual migration to draining lymph nodes. Adoptive transfer of hA2-CAR Tregs suppressed HLA-A2 + cell-mediated xenogeneic graft-versus-host disease and diminished rejection of human HLA-A2 + skin allografts. These data provide a platform for systematic development and specificity testing of humanized alloantigenspecific CARs that can be used to engineer specificity and homing of therapeutic Tregs.
shown that the structural residues in mouse variable regions are sufficient to elicit immune responses (24, 25) , leading to bioinformatic strategies to "humanize" mAbs (26) (27) (28) (29) so that >90% of the structure originates from human, with only the Ag-binding complementarity-determining region (CDR) remaining from mouse. This approach can be highly successful, as evidenced by the numerous humanized mAbs in routine clinical use (30) , but is empirical and can result in decreased affinity and loss or change of specificity (26, 31) . The applicability of bioinformatic strategies developed to humanize mAbs to create humanized CARs is largely unknown.
In addition to immunogenicity, a specific consideration for alloAg-specific mAbs is that because many HLA alleles differ by only a few amino acids (32) , there is often cross-reactivity with closely related HLA proteins, with anti-HLA mAbs recognizing multiple alleles within an evolutionarily related family. Cross-reactivity of anti-HLA mAbs/CARs could be problematic for a CAR Treg approach, as exquisite specificity for the donor organ is needed to prevent the risk of systemic CAR Treg activation by cross-reactive HLA alleles expressed by the recipient.
Using our previously described HLA-A*02:01-specific CAR, which was derived from the scFv of the mouse BB7.2 mAb (9), we report an effective way to generate multiple humanized CARs. In addition to systematic testing for in vitro and in vivo function in Tregs, we developed a methodology to comprehensively determine HLA specificity. This approach can be used as a platform to generate a series of HLA-specific CARs to advance the use of CAR Tregs as a widely applicable therapy to prevent allograft rejection.
Results
Design and expression of a panel of humanized A2-CARs. The amino acid sequences of the variable regions of the heavy and light chains from the mouse BB7.2 mAb were aligned to the human immunoglobulin sequences obtained from the international ImMunoGeneTics (IMGT) information system database using IgBLAST (National Center for Biotechnology Information). The V-gene delimitation system was set to the Kabat sequences to obtain the Kabat-defined CDRs (33) . In addition, the Chothia definition (34) was determined.
A number of different human germline genes were identified as possible framework sequences, and we selected those that were most homologous to the mouse sequence and encoded CDRs with lengths similar to those in BB7.2 for CDR grafting. The human CDRs from these candidate human germline genes were replaced with the mouse counterpart CDRs from BB7.2 using the Chothia and Kabat numbering systems (33, 34) . Ultimately, 6 humanized heavy chains based on 4 human germline V-genes, and 5 humanized light chains based on 5 human germline V-genes were generated, resulting in 18 humanized CARs generated by combining different humanized heavy and light chains ( Figure 1A) .
Humanization can affect Ag specificity (26, 31) , so we first transiently transfected humanized A2-CARs (hA2-CARs) into 293T cells and used HLA-A*02:01 tetramers to quantify Ag binding by flow cytometry. Of the 18 hA2-CAR constructs tested, only 10 were expressed and bound to the A*02:01 tetramer (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci. insight.123672DS1; and Table 1 ). To test expression and function of these 10 hA2-CARs in Tregs, CD4
lo cells were transduced with the hA2-CARs, the original mouse A2-CAR (mA2-CAR) (9), or a vector-only control encoding the truncated nerve growth factor receptor (ΔNGFR) transduction marker but no CAR. Following transduction and expansion, CAR Tregs retained high expression of FOXP3 (Supplemental Figure 2 ). CAR cell-surface expression and specificity were tested by staining with an A*02:01 tetramer, revealing strong, uniform binding to 7 hA2-CARs and low, bimodal binding to 3 (H2k2, H4k4, and H5k4) hA2-CARs ( Figure 1B and Table 1 ). In addition, although the H4k3 hA2-CAR was expressed on a similar proportion of Tregs, it was expressed at a lower MFI than the mA2-CAR.
Treg activation potential of a panel of hA2-CARs. We next tested the ability of the 10 hA2-CAR variants to activate Tregs. Tregs expressing one of the 10 hA2-CAR variants, mA2-CAR, or ΔNGFR alone were stimulated via the CAR (Figure 2 ), left unstimulated, or stimulated via T cell receptor (TCR) (Supplemental Figure 3) . Stimulation of m/hA2-CAR Tregs with A2-expressing artificial Ag-presenting cells (APCs) resulted in high expression of both CD69 and CD71 for most constructs, with the exception of the 3 poorly expressed CARs. Specifically, H2k2 showed low basal activation and a moderate increase in CD69 and CD71 expression after CAR stimulation, whereas H4k4 and H5k4 showed high basal activation and no increase in CD69 and CD71 expression when stimulated through the CAR (Figure 2A and Supplemental Figure 3) .
Upregulation of proteins associated with Treg function (cytotoxic T lymphocyte-associated protein 4 [CTLA-4] and latency-associated peptide [LAP]) displayed a similar pattern, with low CAR-stimulated expression of CTLA-4 and LAP for H2k2, H4k4, and H5k4 ( Figure 2B ). Similar to CD69 and CD71, H4k4 and H5k4 had low CAR-stimulated upregulation of CTLA-4 and LAP compared with unstimulated controls. These data suggest that the impaired activation capacity of H4k4 and H5k4, but not H2k2, may be driven by tonic CAR signaling, an interpretation supported by evidence that TCR-mediated activation is also hampered in cells expressing these constructs (Supplemental Figure 3B) .
Alloantigen specificity mapping of hA2-CAR constructs. T cell alloAg specificity is traditionally tested by in vitro stimulation with PBMCs of known haplotypes. This approach, however, is cumbersome and imprecise, as it requires an extensive bank of viable, haplotyped PBMCs, and specificity toward individual HLA alleles cannot be determined in isolation. We sought to develop a more feasible, comprehensive, and accurate way to assess the cross-reactivity of alloAg-specific CARs. Specifically, we hypothesized that the One Lambda Flow Panel Reactive Antibody (FlowPRA) single Ag beads previously developed to measure Right: Summarized data of percent or MFI of A*02:01-tetramer binding. Data represent n = 2-4 for each construct pooled from at least 2 independent experiments. Mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. serum alloantibody titers (35) , which consist of fluorescently labeled beads coupled to single HLA Ags, could be adapted to measure alloAg-directed CAR Treg specificity. Tregs expressing the m/hA2-CARs or ΔNGFR were incubated with a mixture of FlowPRA Single Antigen beads, then analyzed by flow cytometry using forward scatter/side scatter (FSC/SSC) to identify beads, cells, and bead/cell conjugates (hereafter called the FlowPRT cell assay). Since the number of beads bound per cell and cells bound per bead could not be controlled, the amount of CAR Treg binding to beads was assessed by comparing the number of unbound beads in samples incubated with CAR Tregs versus the ΔNGFR Treg control (see Methods for formula calculation; Figure 3A) .
To validate the methodology, the relative binding of each m/hA2-CAR construct to HLA-A*02:01 as determined by the FlowPRT cell assay ( Figure 3B ) was compared with the MFI of tetramer binding ( Figure  3C ). This analysis revealed a strong, direct correlation between the two methods of detecting A*02:01 binding. The data also revealed that H2k2 and H4k4 were less able to bind to A*02:01 and a trend toward low binding with H5k4, consistent with their low expression and activation capacity. We further asked whether the amount of A*02:01 binding, as determined by the FlowPRT cell assay, correlated with the biological effect of exposure to A*02:01. Indeed, we found there was a direct correlation between the amount of A*02:01 binding quantified by the FlowPRT cell assay and stimulation of Treg activation, as judged by CD69 upregulation following exposure to A*02:01-expressing APCs ( Figure 3D ). These data demonstrate the utility of the FlowPRT cell method for measuring the ability of alloAg-specific CARs to bind to different HLA alleles.
We next examined the degree of m/hA2-CAR Treg cross-reactivity to alleles of HLA-A and HLA-B. Table 1 ). In contrast, all variants of hA2-CAR Tregs displayed reduced cross-reactivity compared with mA2-CAR Tregs. As expected, all CAR constructs bound to A*69:01, a variant of A*02:01 differing by only 6 amino acids, which is also bound by BB7.2. None of the CAR constructs displayed any significant binding to HLA-B (Supplemental Figure 5) . To confirm the functional capacity of hA2-CAR Tregs in vivo, we used a model of xenogeneic GvHD in which we previously showed that HLA-A2-specific CAR Tregs were more potent than nonspecific (polyclonal) CAR Treg controls (9) . Using this model, we compared one of the 6 hA2-CARs that displayed optimal characteristics (Table 1) (9), we did not detect circulating m/hA2-CAR Tregs, measured from 14 days after injection (Supplemental Figure 7B ).
hA2-CAR Tregs traffic to HLA-A2
+ skin grafts in vivo. For effective suppression of allograft rejection, Tregs need to migrate to the allograft and control local immunity (37, 38) . To test how CAR-directed specificity affected Treg trafficking, we performed side-by-side skin transplants from NSG or NSG-A*02:01-transgenic mice onto NSG mice ( Figure 6A ). After graft recovery, PBMCs were injected in the absence or presence of m/hA2-CAR Tregs or with HER2-CAR Tregs as a nonspecific polyclonal Treg control (9) . In addition to the CAR, Tregs were cotransduced with a lentivirus encoding a luciferase-GFP fusion protein. Bioluminescence imaging was performed after d-luciferin injection up to 21 days after Treg injection (39) . In contrast to polyclonal HER2-CAR Tregs, which trafficked equally to A2-negative and -positive skin, m/hA2-CAR Tregs rapidly trafficked to the A2-expressing skin. In addition, m/hA2-CAR Tregs persisted longer than nonspecific HER2-CAR Tregs. Whereas HER2-CAR Tregs were undetectable by day 7-14, a strong m/hA2-CAR Treg signal remained within the A2-positive skin throughout the experiment ( Figure 6B ). Quantification of the ratio of luminescence in the A2-positive versus A2-negative graft revealed significant Ag-driven trafficking of both H1k2-and mA2-CAR Tregs to the A2-expressing graft ( Figure 6 , C and D).
In addition to graft-localized m/hA2-CAR Tregs, we noted an adjacent signal consistent with the location of a local draining lymph node. The timing of when this signal was first detected was variable, ranging from 7 to 14 days ( Figure 6B ), and in some mice it waned over time (Supplemental Figure 8A) . In a subset of animals, flow cytometric analysis of skin graft draining lymph nodes revealed a substantial proportion of hCD4
In contrast, very few of these cells were detected in the spleen (Supplemental Figure 8 , B-D).
hA2-CAR Tregs prevent human skin allograft rejection. To evaluate the immunoregulatory potential of hA2-CAR Tregs in a solid organ transplant model, we used a humanized model of skin transplantation in which NSG mice were transplanted with human HLA-A2 pos skin grafts. After 6 weeks, mice were injected with HLA-A2 neg PBMCs with or without autologous ΔNGFR Tregs or H1k2 hA2-CAR Tregs. Four weeks after cell injection, mice were sacrificed, and the skin graft was collected for evaluation of pathology and inflammatory cytokine expression. All mice maintained stable body weight, indicating a lack of xenogeneic GvHD ( Figure 7A ), with evidence of human leukocyte engraftment in blood and spleen ( Figure 7B ). H&E sections were evaluated for rejection in a blinded manner by a pathologist using a 25-point scale, revealing a significant decrease in the cumulative pathological rejection score in mice that received H1k2 hA2-CAR versus PBMCs alone ( Figure 7C ). Immunostaining revealed that, in comparison to mice receiving PBMCs alone, mice receiving PBMCs and H1k2 hA2-CAR Tregs had a 
√ indicates a successful or favorable result; X indicates a failed or undesirable result; − indicates an experiment not performed.
significant reduction in Ki-67 + keratinocytes, and a trend toward reduced involucrin destruction ( Figure  7D ). Quantitative PCR (qPCR) quantification also showed a general reduction in several inflammatory cytokines within the grafts of ΔNGFR Treg-or H1k2 hA2-CAR Treg-treated mice ( Figure 7E ).
Consistent with data from the xenogeneic GvHD model, while PBMCs were detectable in blood from day 14 to 28, CAR Tregs were not (Supplemental Figure 9, A and B) . However, immunostaining revealed that in comparison to mice receiving PBMCs alone, mice receiving ΔNGFR Tregs or H1k2 hA2-CAR Tregs had a trend toward higher proportions of FOXP3 + cells in the graft ( Figure 7F ). Figure 3B ) expression of CTLA-4 and LAP. Data represents n = 2-4 for each construct pooled from at least 2 independent experiments. One-way ANOVA and Holm-Šídák post hoc test comparing all constructs with mA2-CAR Tregs. Mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
The origin of these skin-localized FOXP3 + cells was likely a combination of skin-resident cells (Supplemental Figure 9C ), injected PBMCs, and/or the transferred Tregs. The presence of FOXP3 + cells was unique to the transplanted skin graft, as they were undetectable in the intestine, liver, or lung ( Figure  7G ). These data suggest that, as for the model with A2-transgenic NSG skin, H1k2 hA2-CAR Tregs specifically trafficked to human A2 + skin allograft, where they persisted.
Discussion
Mouse-derived CARs can be highly effective, but T cells expressing humanized or fully human CARs have increased cell persistence and efficacy (40) , and decreased side effects (17, (19) (20) (21) (22) 41) . To date, there has been no comprehensive investigation of the applicability of bioinformatic methods for humanizing mAbs for use in CAR constructs. Herein, we describe a method to generate a panel of humanized CARs and Table 1 . n = 3-6 from at least 3 independent experiments.
illustrate the importance of testing multiple versions with a series of assays to identify constructs with optimal specificity and activation capacity, and in vivo function. We also developed a new way to systematically test the specificity of CARs for alloAgs, creating a new platform to comprehensively identify constructs with defined allele specificity.
Of the 18 in silico generated hA2-CARs, 10 constructs maintained specificity for HLA-A*02:01, as judged by tetramer staining in 293T cells. These data are consistent with reports that humanization of scFvs can alter affinity and/or Ag specificity (42, 43) . Notably, 3 constructs (H2k2, H4K4, and H5k4) bound to tetramer in 293T cells but, when expressed in human Tregs, displayed a significantly reduced ability to bind to A*02:01, both in terms of percent tetramer + cells and MFI. Their bimodal expression pattern suggestive of receptor internalization, high basal activation levels, and failure to become further activated in the presence of CAR or TCR stimulation, suggests that these CARs may induce "tonic" activation in Tregs. Interestingly, evidence of functional tonic activation was not uniformly revealed with all activation markers tested. Specifically, for all 3 constructs, functional tonic activation was clearly evident with CD69 and LAP but not with CTLA-4; for CD71, it was only evident for H2k2. Thus, when screening a panel of CARs, expression and specificity must be tested in T cells, and multiple activation markers should be screened to identify constructs with high, uniform expression without evidence for tonic signaling.
There are limited previous reports of humanized CARs (43-45). Sun et al. described a humanized anti-HER2 CAR for use in breast cancer, but comparisons with the original murine construct were not reported (44). Johnson et al. humanized a CAR specific for the variant III mutation of the epidermal growth factor receptor (EGFRvIII) (43) . Of 8 humanized constructs, only 2 remained EGFRvIII specific, and these had lower affinity than the original mouse CAR. We show here that sequence and structure-based approaches to A and B) at the indicated time points after Treg injection. Red solid circle denotes location of NSG skin graft; black dotted circle denotes location of A2-positive NSG skin graft; green square denotes location of draining lymph node with a visually detectable luciferase signal. Amount of luciferase radiance was quantified using the average amount of photons/s/cm 2 /steradian and plotted as a ratio between the HLA-A*02:01-NSG and NSG skin grafts (C) 72 hours after Treg injection or (D) over time. n = 6-7 per group pooled from 3 independents experiments; mean ± SEM. Repeated-measures ANOVA with Bonferroni's correction. *P < 0.05, **P < 0.01.
antibody humanization can be used to generate humanized CARs (46) (47) (48) , with empirical testing of multiple framework regions required to identify those with preserved expression and specificity without tonic signaling.
In the context of transplantation, knowledge of alloAg specificity is required to ensure specific targeting to allogeneic cells, tissues, and/or organs. The traditional way to measure T cell alloreactivity is imprecise and non-quantitative, as it involves functional MLRs with large banks of haplotyped PBMCs. We developed and validated a way to test the specificity of alloAg-directed CARs using commercially available reagents in common use to measure alloAg-specific Abs in serum. Surprisingly, we discovered that in comparison to the mA2-CAR, CAR humanization decreased cross-reactivity to several HLA-A allelic variants. All constructs also bound to A*69:01, and those containing k2 also to A*68:01. This cross-reactivity is likely due to a shared eplet (138MT), an antibody-accessible polymorphic region of HLA defined by molecular modeling (49) . Notably, the level of cross-reactivity toward A*25:01 or A*68:01 was not sufficient to stimulate m/hCAR Treg activation, suggesting that a relatively high level of binding is required for a functional effect. This possibility is supported by data derived from analysis of A*02:01, where the FlowPRT cell assay revealed a direct correlation between the relative binding of the CARs to A*02:01 beads and induction of CD69. Nevertheless, lack of an effect on Treg activation marker expression does not exclude the possibility that there could be biological effects mediated by cross-reactive HLAs, since CAR-mediated T cell activation depends on both scFv affinity and avidity/Ag density, parameters that may not be fully recapitulated in this in vitro system (50) .
The optimal CAR affinity for activation of Treg suppression is unknown. In terms of TCR affinity, it is known that TCR affinities for the same peptide-MHC complex can vary up to 3500-fold in Tregs, but ultimately, affinity has no effect on Ag-driven suppressive function (51) . However, work from the CAR oncology field has shown that the structure and composition of the immunological synapses derived from CAR-peptide versus TCR-MHC/peptide interactions are fundamentally different (52) . We found that CARs with the lowest tetramer binding (percent and MFI) had high apparent constitutive activity in some cases (H4k4, H5k4) but not others (H2k2), with a positive correlation between Ag binding and activation. Overall, more studies are required to determine the optimal Treg-specific synapse properties.
The homing of Tregs to allografts is key for their ability to induce tolerance to the grafts (reviewed in ref. 37 ). Here we found that m/hA2-CAR expression endowed Tregs with the ability to rapidly and specifically traffic to A2-expressing allografts. After trafficking to the A2 + graft, m/hA2-CAR Tregs (or their progeny), but not polyclonal Tregs, remained for at least 21 days. Other groups have also observed that continual Ag exposure enables long-term CAR Treg persistence, for example with CD19 CAR cytotoxic T cells (18, 53) and murine CAR Treg models of colitis (6) and islet transplantation (54) . The Ag-driven persistence of Tregs is also supported by our findings in xenogeneic GvHD, where poor A2-CAR Treg persistence is correlated with diminished A2-positive immune cell engraftment (9) . Interestingly, polyclonal HER2 CAR Tregs also showed a directed pattern of trafficking toward the allografts but were equally distributed between the A2-positive and -negative grafts. These polyclonal Tregs may be migrating in response to the inflammatory signals emanating from postoperative skin, because in unmanipulated immunodeficient mice, human T cells typically traffic to the lung (55) . We also detected CAR Tregs in the draining lymph nodes in some mice. Since a 2-step migratory process from graft to lymph node has previously been reported to be necessary for tolerance induction (56) , a more detailed investigation of CAR Treg trafficking is warranted.
Infusion of autologous hA2-CAR Tregs inhibited human skin allograft rejection as judged by an improved pathological score, a lower proportion of proliferating keratinocytes, and a trend toward diminished involucrin destruction. Consistent with previous reports in this model (10, 11), we noted modest differences between hA2-CAR Tregs and polyclonal (ΔNGFR) Tregs. A consideration is that we used a relatively high Treg/PBMC ratio of 1:2. For comparison, Boardman et al. and Noyan. et al, who used lower A2-CAR Treg/PBMC ratios (1:5 and 1:7.5 ratios, respectively) (10, 11), also did not quantify significant differences between polyclonal and A2-CAR Tregs in terms of skin rejection. It is possible that in this model the intrinsic alloreactivity of polycloncal Tregs may be sufficient for a therapeutic effect even at relatively low Treg/PBMC ratios.
Importantly, A2-CAR Tregs did not make rejection worse in any reported studies (9) (10) (11) , arguing against the possibility that after in vivo injection the cells acquired cytotoxic function via either Treg instability or outgrowth of contaminating conventional CAR T cells. To mitigate the risk of manufacturing CAR Tregs that were contaminated with low proportions of conventional T cells, for all in vivo studies we used naive CD45RA + CD25
hi Tregs as our starting population, since, in comparison to the CD45RA -memory Treg fraction, after expansion these cells maintain a more consistent Treg phenotype (57, 58) . Nevertheless, the long-terms effects of repeated CAR stimulation on Tregs is unknown. Future work in immunocompetent mouse models will be needed to address this question, as well as the question of how these cells might be affected by standard immunosuppression regimens that would be used in transplant patients.
Collectively, these data provide a simple platform for CAR humanization and highlight the critical importance of testing several CARs in multiple assays to define optimal constructs for use in Tregs. Specifically, expressing/binding data in 293T cells were not consistently predictive of the construct properties in Tregs, as evidenced by the low expression of H2k2 and bimodal expression patterns of the H4k4 and H5k4 variants. Furthermore, deficits in hA2-CAR Treg activation capacity were only revealed by testing multiple activation parameters. Consistent with the concept that Tregs require a strong Ag receptor signal, there was a direct correlation between strength of HLA binding and expression of activation and Treg functional markers. Evidence that hA2-CAR-engineered alloAg-specific Tregs persisted at the allograft, migrated to draining lymph nodes, and suppressed rejection sets the stage for testing their ability to regulate allograft rejection in humans.
Methods
Generation of humanized HLA-A*02-specific CARs. The humanized genes were codon optimized using the codon optimizer from the Thermo Fisher Scientific/Invitrogen GeneArt Gene Synthesis service, using the settings for Homo sapiens. gBlocks Gene Fragments were from Integrated DNA Technologies, such that the 5′ region of the CAR contained a Kozak sequence and a 36-nucleotide overlap with a pcDNA3 plasmid. The 3′ end contained a BamHI site and an overlap with a CD8 hinge sequence to facilitate Gibson assembly into the plasmid in frame with the CD8 hinge and CAR intracellular signaling domains.
The scFv variants were fused to a stalk region from human CD8α; the transmembrane and intracellular domains were from human CD28 and human CD3ζ as described previously (9, 59) . The resulting cDNAs were cloned into a lentiviral vector encoding ΔNGFR as a marker. Surface expression was determined by flow cytometry with transiently transfected HEK293T cells (jetPRIME, Polyplus Transfection). Viral particles were produced as described previously (60) .
Generation of HLA-expressing K562 cell lines. CD64-expressing K562 cells (K562.64) were a gift from James Riley, University of Pennsylvania, Philadelphia, Pennsylvania, USA. cDNA for HLA-A*02:01 and -A*24:02 was isolated from mRNA of PBMCs from a donor homozygous for A*02:01 or A*24:02, respectively, on the HLA-A locus using the following primer sequences: 5′-TTTTCTAGACGCGTGCCACCATGGCCGT-CATGGCGCC-3′ (forward) and 5′-AAGTCGACGCTAGCTCACACTTTACAAGCTGTGAGAGACA-3′ (reverse). The resulting sequence was confirmed by Sanger sequencing, aligned to the expected sequences from the Immuno Polymorphism Database (IPD) and international IMGT/HLA Database (61), and transduced into K562 cells, respectively, using a lentiviral expression vector. To generate A25-, A68-, or A69-K562 cells, HLA sequences for A*25:01, A*68:01, and A*69:01 were scraped from the IPD and IMGT/HLA Database (61), codon optimized using the codon optimizer tool (set to Homo sapiens) from Thermo Fisher Scientific/Invitrogen GeneArt Gene Synthesis service, then cloned into a lentiviral expression vector and transduced into K562 cells. The resulting K562 cell lines were then sorted on a FACSAria II (BD Biosciences) using anti-HLA-ABC (Thermo Fisher Scientific, 12-9983-41) to ensure equivalent surface expression of the transduced HLA, and anti-HLA-A2 (BB7.2) (Thermo Fisher Scientific, 17-9876-42) to ensure purity. Tregs (for in vivo transplant experiments) using a MoFlo Astrios (Beckman Coulter) or FACSAria II (BD Biosciences), respectively. Sorted Tregs were stimulated with L cells and αCD3 mAb (OKT3, UBC AbLab; 100 ng/ml) in ImmunoCult-XF T cell expansion media (STEMCELL Technologies, 10981) with 1000 U/ml IL-2 (Proleukin) as described previously (9) . One day later, cells were transduced with lentivirus at a multiplicity of infection of 10 virus particles:1 cell. As a positive control, Tregs were transduced with the mA2-CAR construct as described (9) . To generate polyclonal Treg controls, cells were transduced with a vector encoding either a HER2-CAR and the ΔNGFR marker, or only ΔNGFR. The latter was used for in vivo skin transplant experiments to avoid HER2-mediated activation via HER2 expressed by human skin. On day 7, ΔNGFR + cells were purified with magnetic selection (Miltenyi Biotec, 130-091-330), then used in assays or restimulated with L cells as above and expanded for 5 days for in vivo experiments. To test the effects of HLA-A2-mediated stimulation, Tregs were cultured with limiting IL-2 (100 U/mL) for 24 hours, then recounted and cocultured with irradiated anti-CD3/anti-CD28-loaded CD64-expressing K562 cells, or with HLA-A*02:01-, HLA-A*24:02-, HLA-A*25:01, HLA-A*68:01-, or HLA-A*69:01-expressing K562 cells, at a 1:2 (K562/T cell) ratio for 24 hours.
Flow cytometry. For phenotypic analysis, cells were stained with fixable viability dye (FVD, Thermo Fisher Scientific, 65-0865-14; BioLegend, 423102) and for surface markers before fixation and permeabilization using an eBioscience FOXP3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, 00-5523-00) and staining for intracellular proteins. Samples were read on a CytoFLEX (Beckman Coulter) and results analyzed using FlowJo Software version 9.9.4 and 10.3 (Tree Star).
Surface For in vivo experiments, 50 μl blood was collected weekly and at end points. Ammonium chloride was used for red blood cell lysis. Cells were resuspended in PBS with anti-mouse CD16/32 (Thermo Fisher Scientific, 14-0161-82) and stained for extracellular markers using FVD, anti-mouse CD45 (Thermo Fisher Scientific, 25-0451-82), and anti-human CD45 (BD Biosciences, 560777), CD4 (BioLegend, 300554, 317434), CD8 (Thermo Fisher Scientific, 48-0087-42), anti-human CD271 (NGFR; BD Biosciences, 557196), HLA-A2 (BD Biosciences, 551285). Intracellular staining for FOXP3 (Thermo Fisher Scientific, 12-4777-42) was done with the eBioscience FOXP3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, 00-5523-00). 10,000 counting beads were added to every sample (Thermo Fisher Scientific, 01-1234-42). The gating strategies for the xenogeneic GvHD, luciferase, and skin transplant experiments are illustrated in Supplemental Figure 7A , Supplemental Figure 8B , and Supplemental Figure 9A , respectively.
HLA allele cross-reactivity assay. 0.025 × 10 6 CAR Tregs (prepared as above, after 7 days of culture) were incubated with individual FlowPRA Single Antigen bead panels (FL1HD01, FL1HD02, FL1HD03, FL1HD04, FL1HD06, and FL1HD08, One Lambda) and FVD for 30 minutes at room temperature. Samples were washed, fixed with 0.5% formaldehyde, and analyzed via flow cytometry. Two hundred negative control beads were acquired per sample.
For analysis, single Ag beads were gated after exclusion of dead cells and doublets, and the number of beads for each HLA Ag was quantified within each distinct PE intensity peak. To account for small variations in the absolute number of negative control beads collected in each sample, data were normalized by multiplying the number of beads of interest in each HLA peak by 200, divided by the number of negative beads in the sample. Then, relative binding of A2-CAR Tregs compared with ΔNGFR CAR was obtained by dividing the average number of beads in the ΔNGFR specimen for a specific HLA minus the normalized number of beads in the A2-CAR Treg specimen for that same HLA by the average number of beads in the ΔNGFR specimen, times 100.
Suppression of MLRs. Adherent cells from PBMCs from HLA-A2 + healthy donors were differentiated into monocyte-derived dendritic cells as described previously (62) . For MLRs, HLA-A2 -PBMC responder cells were labeled with cell proliferation dye eF450 (Thermo Fisher Scientific, 65-0842-85), then plated with 5 × 10 4 HLA-A2 + monocyte-derived dendritic cells and increasing ratios of expanded ΔNGFR-or hA2-CAR-expressing Tregs labeled with cell proliferation dye e670 (Thermo Fisher Scientific, 65-0840-90). After 6 days, division of HLA-A2 -CD4 + responder T cells was measured by flow cytometry. Percent suppression was calculated based on the proliferation index of a given cell combination and ratio versus the positive control (HLA-A2 + monocyte-derived dendritic cells with HLA-A2-CD4 + responder T cells only), as described previously (63) . Data were normalized by first calculating percent suppression as follows:
Equation 1
then normalizing the resulting values from 0%-100%, according to the formula for each independent experiment:
Equation 2
Xenogeneic graft-versus-host disease. Eight-to 12-week-old female NSG mice (The Jackson Laboratory; bred in house) received whole-body irradiation (150 cGy, Rad Source Technologies RS-2000 Pro Biological System) 1 day before injection of 8 × 10
6 HLA-A2 + PBMCs with or without 4 × 10 6 hA2-CAR Tregs intravenously into the tail vein. Saline-injected mice served as controls. m/hA2-CAR Tregs were generated from 4 healthy donors. GvHD was scored based on weight, fur texture, posture, activity level, and skin integrity, with 0-2 points per category as described previously (64, 65) . Peripheral blood from the saphenous vein was centrifuged; then erythrocytes were lysed, and leukocytes were measured by flow cytometry. 
ΔNGFR
+ Tregs expressing the CAR and luciferase were sorted before restimulation with L cells as described above. On day 12 of the culture, 1 × 10 6 to 3 × 10 6 luciferase-CAR Tregs and 6 × 10 6 human allogeneic HLA-A2 -PBMCs were injected intravenously into skin-transplanted NSG mice. For bioluminescence imaging, d-luciferin potassium salt (150 mg/kg, GoldBio) was injected intraperitoneally immediately before anesthesia with isoflurane, and images were acquired within 15-20 minutes on an Ami-X (Spectral Instruments Imaging). Data were analyzed with AmiView software (Spectral Instruments Imaging, version 1.7.06), and the luminescent signal was quantified as the ratio of photons/s/cm 2 /steradian in the HLA-A2 + over the HLA-A2 -skin graft, or the ratio of the relevant lymph node area over the HLA-A2 -skin graft. At experimental end points, skin-draining axillar lymph nodes and spleen were harvested, placed on a 70-μm cell strainer (BD Falcon), then fragmented and filtered by using the plunger of a 1-cc syringe. Cells were then stained for flow cytometry.
Skin transplantation. To evaluate A2-CAR Treg homing and capacity to inhibit skin rejection, 8-to 12-week-old female NSG mice (The Jackson Laboratory, bred in house) were transplanted with skin from transgenic HLA-A2 + NSG mice (The Jackson Laboratory, bred in house), NSG skin (HLA-A2 negative), or human HLA-A2 + skin. For mouse skin transplants, skin was cut into circular pieces utilizing an 8-mm biopsy punch, placed onto fresh plates with PBS, and kept at 4-8°C until transplanted (~1-4 hours). HLA-A2 expression of human skin was assessed by flow cytometry and qPCR. Split-thickness skin explants were generated by trimming fat and rinsing with sterile PBS, then cut into 1-cm 2 pieces, placed onto fresh plates with PBS and kept at low temperature (4-8°C) until transplanted (~1-4 hours). For both mouse and human skin transplants, previously shaved mice were anesthetized, dorsal skin was cut near the shoulder, and mouse skin of similar size was removed, then grafts were placed on the exposed area and stabilized with steri-strips (3M, Nexcare). Grafts were covered with a Vaseline gauze and wrapped with a 2-cm-wide CoFlex bandage (3M, Nexcare) to secure the graft for up to 14 days prior to cell injection.
Histology. Human skin grafts and surrounding mouse skin were harvested 28 days after cell injection, fixed overnight at 4°C in 10% formalin (1:10 v/v ratio of tissue to formalin), and stored in 70% ethanol before paraffin embedding. Paraffin sections (5-μm thickness) and H&E staining were prepared by BCCHR Histology Services. For immunostaining, sections were deparaffinized and rehydrated using a series of xylene washes (×3), graded alcohol solutions (2× 100% ethanol, 1× 95% ethanol, and 1× 70% ethanol), and 1× PBS. Heat-induced epitope retrieval (HIER) was performed on slides using a microwave to reach 93-95°C (5 minutes high power followed by 20 minutes low power) in 10 mM sodium citrate buffer (0.5% Tween-20, pH 6.0). Following HIER, slides were washed using running tap water, deionized water, and PBS. Sections were incubated with DProtein Block, Serum-Free (Dako, X0909) to limit nonspecific antibody staining. Sections were then incubated at 4°C overnight with the following primary antibodies: FOXP3 (Invitrogen, clone PCH101, 14-4776-82), CD45 (eBioscience, clone H130, 17-0459), Ki-67 (eBioscience, clone 20Raji, 17-5699), involucrin (Abcam, ab53112). The following day, sections were gently rinsed with PBS several times, then stained for 1 hour at room temperature with the following secondary antibodies: donkey anti-rat-Alexa Fluor 488 (Life Tech, A11006), goat anti-mouse-APC (Invitrogen, 1834696), donkey anti-rabbit-Alexa Fluor 488488 (Life Tech, A21206). Finally, sections were counterstained with DAPI to identify cell nuclei and mounted using VECTASHIELD Mounting Medium with DAPI (Vector Laboratories, H-1200). All antibodies were diluted in Antibody Diluent (Dako, S3022). Images were captured using an Olympus BX61 Fluorescence and Bright Field Automated Upright Microscope with QImaging Retiga Exi camera and Olympus DP71 color camera. Quantitative analysis of fluorescence images was performed using Fiji with Olympus viewer plug-in (66, 67) . Immunofluorescence images were quantified by counting the number of indicated cells in 18-27 different fields of view from one section.
H&E-stained slides were evaluated in a blinded manner by a clinical pathologist using a scoring system defined by 8 qPCR. RNA was harvested from human skin samples according to the manufacturer's instructions (RNeasy Plus Mini Kit; QIAGEN) and converted to cDNA. qPCR was performed using SYBR green (BioRad) and primers for IL17, IL6, IL1B, DEFB4, IFNg, TNFa, and 18S ribosomal RNA (Supplemental Table  2 ). Melt curve and SYBR green emission data were collected. Relative concentrations were calculated using a standard curve, and values were normalized to amplification products of 18S ribosomal RNA. log 2 (RQ) values for each sample were obtained using the double delta Ct (ΔΔCt) method (71) . Each sample's ΔCt value was obtained by calculating averaged Ct (gene of interest) -Ct (housekeeping gene). To obtain ΔΔCt, the ΔCt of the control sample was subtracted from the ΔCt of the treated sample. Fold gene expression was then calculated by 2 -(ΔΔCt) . Statistics. All statistics were done using Prism 7.0b. IBM*SPSS Statistics version 24.0.0.0 was used for Figure 6D . For all studies, normality was assumed. Corrections for multiple comparisons were made as described in each figure.
Study approval. For human PBMCs used for in vitro and skin homing in vivo experiments, healthy volunteers gave written informed consent according to protocols approved by the University of British Columbia Clinical Research Ethics Board (UBC-CREB) and Canadian Blood Services. For in vivo xeno-GvHD and human skin transplant studies, commercial leukapheresis blood products were purchased from STEM-CELL Technologies excluding all variants of the following HLA alleles: A*02, A*68, A*69. Samples of human skin discarded from plastic surgery were obtained from the Harvard Skin Disease Resource Center (Brigham & Women's Hospital, Harvard Medical School), Skinworks (Vancouver), or the Cambie Surgery Clinic (Vancouver) according to UBC-CREB-approved protocols. Animal protocols were approved by the UBC Animal Care Committee.
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